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Two-dimensional potential profiles in the Large Helical Device (LHD) were measured with heavy
ion beam probe (HIBP). To measure the two-dimensional profile, the probe beam energy has to
be changed. However, this task is not easy, because the beam transport line of LHD-HIBP sys-
tem is very long (∼20 m), and the required beam adjustment consumes much time. To reduce the
probe beam energy adjustment time, an automatic beam adjustment system has been developed. Us-
ing this system, required time to change the probe beam energy is dramatically reduced, such that
two-dimensional potential profiles were able to be successfully measured with HIBP by changing the
probe beam energy shot to shot. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891975]
I. INTRODUCTION
In the confinement physics of magnetically confined
toroidal plasmas, the structure of radial electric field Er is im-
portant. In this plasma, plasma flow is correlated to Er through
E×B flow. Theoretical research has shown that the shear flow
structure can improve the confinement properties by reduc-
ing the turbulence in the plasma,1 and experimental results
that support this theory were obtained in good confinement
discharges, such as H-mode, and internal transport barrier
(ITB).2, 3 On the other hand, flow influences appearance and
disappearance of islands, thus it is also important for island
formation physics. Two-dimensional measurement of Er is
helpful for the study of those physics, so the two-dimensional
potential measurement with heavy ion beam probe (HIBP) is
suggested and reported.
HIBP4, 5 is a useful tool for studying the physics related
to Er, because it can measure the potential in the high tem-
perature plasma with good time and spatial resolution, and
without perturbing the plasma. Typically, a one-dimensional
profile of potential is measured by varying the incident probe
beam angle. By changing the probe beam energy, the obser-
vation region is extended and a two-dimensional profile of
potential can be measured.
In the Large Helical Device (LHD), an HIBP system was
installed and developed to study Er formation physics.6, 7 This
HIBP system has a very long beam transport line (∼20 m),
and we have many deflectors and lenses on this line to adjust
the beam trajectory along the line. Therefore, it is not easy
to change the probe beam energy, because adjustment of the
probe beam in the beam transport line is required when the
a)Contributed paper, published as part of the Proceedings of the 20th
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beam energy is changed, and many deflector voltages must
be controlled appropriately. To improve this beam adjustment
work and reduce the required time for this adjustment, an au-
tomatic adjustment system was developed and applied to our
HIBP system. By using this system, the beam trajectory on the
beam transport line is automatically adjusted in a short time
(∼3 min, which is a substantial improvement over the several
tens of minutes without this system). The probe beam energy
is changed shot to shot and a two-dimensional potential pro-
file is measured. In this article, the details of the automatic
adjustment system of probe beam in the beam transport line
and experimental results of two-dimensional potential mea-
surement are reported.
II. HEAVY ION BEAM PROBE ON LHD
The detailed principle of HIBP diagnostics are written
in Ref. 5, so only a brief explanation is given here. For an
HIBP diagnostic, singly charged particles (called primaries)
are injected into the plasma. As the particles pass through the
plasma, they are further ionized to produce doubly charged
particles (called secondaries). Outside the plasma, the secon-
daries are detected and their energies are analyzed. Usually
the energy analyzer has a slit that allows only secondaries ion-
ized at a given plasma position to reach the detector through
the slit. Because of this, measurements localized at the ioniza-
tion point are possible to obtain. In plasma, primaries of en-
ergy Wi are stripped electrons with potential energy of −eφsv
by collisions, and change to secondaries that have energy of
Wi + eφsv. Here, φsv is the electrostatic potential at the sam-
ple volume. Therefore, the difference of beam energy between
the primaries and the secondaries corresponds to the plasma
potential energy eφsv via energy conservation law.
The LHD is a helical device, and its magnetic con-
figuration is characterized by the following parameters, the
major radius of the magnetic axis Rax, toroidal magnetic field
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FIG. 1. Schematic view of LHD HIBP system is shown. Notation “CD” in
No. 5 and 10 refer to “cylindrical deflector.” No. 7 is the deflector x4 and y4
and No. 9 is the deflector x5 and y5. BPM 5 is located at the top of the beam
transport line, and BPM 4 is the second one from the top.
strength Bt, the pitch parameter γ , and the quadrupole com-
ponent of the magnetic field Bq. For HIBP diagnostics, the
probe beam should be injected to the center of plasma, which
requires a high energy probe beam. Because the magnetic
field strength of LHD is strong (∼3 T) and the minor radius
of plasma is about 0.6 m, we need MeV energy magnitudes
for the probe beam if the gold ion is used. The required en-
ergy of the beam reaches 6 MeV for 3 T of LHD magnetic
field strength. To generate such a high energy beam, a tandem
accelerator is used in the LHD-HIBP system. By using this
accelerator, the voltage required to generate the high energy
beam can be decreased by half. To use the tandem accelera-
tor, a negative ion source of gold (Au−) is used, and the Au−
beam is injected into the accelerator. The injected Au− beam
is accelerated by a voltage of Vacc. After that, in the gas cell
located at the center of the tandem accelerator tube, the Au−
ions are stripped of their electrons and changed to Au+ ions.
Au+ ions are re-accelerated by Vacc, generating a beam with
2eVacc energy.
This high energy beam is transported to an injection port
of LHD through the beam transport line, of which length is
about 20 m. A schematic view of the HIBP system in LHD
is shown in Fig. 1. Many electro deflectors and quadrupole
lenses are equipped in the beam transport line to adjust the
beam orbit. The beam incident angle is varied by the 8-pole
electrostatic deflector located at the injection port. At the ejec-
tion port, we have another 8-pole electrostatic deflector and
adjust the beam direction to a suitable angle to the energy
analyzer. In Fig. 2, the observation points with HIBP in the
plasma are shown. The actual observation points are arranged
three-dimensionally and complicated, so this figure shows a
projection of the observation points on the horizontally elon-
gated cross section for simplicity. Usually, the probe beam
energy is fixed and the injection/ejection angles are changed
to measure a one-dimensional profile (along a line of corre-
sponding beam energy in Fig. 2). If the energy of the probe
FIG. 2. Observation points with LHD-HIBP system are shown. By changing
the injection/ejection angle at fixed probe beam energy, observation points
are scanned along a line of corresponding beam energy.
beam is changed, we can measure another one-dimensional
profile of the potential. By changing the beam energy shot to
shot, two-dimensional potential profile can be obtained.
III. AUTOMATIC BEAM ADJUSTMENT SYSTEM
As stated above, the beam transport line of LHD-HIBP
system is about 20 m. Therefore, when the probe beam en-
ergy is altered, the beam orbit in the beam transport line
must also be adjusted. We have many deflectors and lenses
in the beam transport line, so many power source voltages
for these components are required to be adjusted. These volt-
ages are basically changed in proportion to the probe beam
energy, however, effects of magnetic field leakage from the
LHD are not negligible so subtle adjustment is needed when
the beam energy is changed. To adjust those parameters easily,
an automatic adjustment system was developed. In the beam
transport line and the accelerator, we have 14 electrostatic de-
flectors, but it is not easy to include all deflectors into the
automatic adjustment system. If many parameters are used,
the system consumes large time and tends to be unstable. In
the region far from LHD, the effects of magnetic field leak-
age are sufficiently weak, so 4 deflectors near the injection
port are used to optimize the beam orbit, and parameters for
other components, such as the quadrupole lens and other de-
flectors, are changed in proportion to the beam energy. The
beam position in the beam transport line is measured by beam
profile monitors (BPMs). A schematic view of the BPM de-
tector shown in Fig. 3. The BPM detector comprises a helical
FIG. 3. Detector components of the Beam Profile monitor. The helical wind-
ing wire connects to a turntable, which is rotating in measurement process.
The wire cuts the beam in x and y directions by each rotation of the turntable,
so beam profiles in these directions can be measured.
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FIG. 4. Simple diagram of PC-based automatic beam adjustment system.
winding wire, a turn table, and a shield. The shield is fixed,
and the helical winding wire rotates with the turn table in the
measurement process. The beam current is detected with the
wire, and beam profiles in two orthogonal axes are measured.
Here, displacements of the beam at the point i are defined as
xi, yi in the x and y axes, respectively. These displace-
ments have basically linear dependence on the deflector volt-
age Vxj, Vyj. If we use two pairs of x and y deflectors and two
BPMs, the displacements of beam can be expressed as
⎛
⎜⎜⎜⎜⎜⎝
x4
y4
x5
y5
⎞
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⎟⎟⎟⎟⎟⎠
. (1)
Here Vxj, Vyj are the change in the voltage of the deflector
j. The transport matrix Aij can be calculated theoretically, but
in the actual optimization, components of the transport matrix
Aij obtained from calibration experiments were used.
A simple diagram of the PC-based optimization system is
shown in Fig. 4. The ADC board, which operates at a sample
frequency of 1 kHz, is installed into a PCI slot in the PC. The
signal from the BPM is acquired through this ADC, and the
displacements xi, yi are calculated. The required deflec-
tor voltage to shift the beam position to the center of beam
transport line can be calculated using the inverse matrix of
Aij, as V = A−1 x. The calculated voltages for deflec-
tor high voltage power sources are applied through CAMAC
DAC modules connected through general purpose interface
bus (GPIB) controller with the PC. After that, the probe beam
position is measured with the BPM again, and the next op-
timization loop is repeated. When distances from the beam
transport line axis at the BPMs become less than 1 mm, the
optimization process stops. Visual Basic is used to develop
our system on the PC. Using the automatic beam adjustment
system, the required time to optimize the beam in the beam
transport line can be reduced, and we can finish this optimiza-
tion work within 3 min (without this system, we needed sev-
eral tens of minutes for the manual optimization process). In
LHD, discharges are repeated every 3 min, so we can change
the beam probe energy between each discharge.
FIG. 5. Temporal evolutions of typical plasma parameters in which two-
dimensional potential profiles are measured.
IV. EXPERIMENTAL RESULTS
Using the automatic beam adjustment system, the beam
probe energy is changed shot to shot, and the two-dimensional
potential profile is measured. Parameters of the magnetic con-
figuration of LHD are as follows: Bt = 1.375 T, Rax = 3.75 m,
and Bq = 100%. Time evolutions of typical plasma parame-
ters are shown in Fig. 5. The plasma is produced and sustained
by neutral beam injection (NBI) heating. Auxiliary heating of
electron cyclotron heating (ECH) is applied from 4.4 to 4.9 s.
The central electron temperature is about 1.5 keV in the NBI
phase, and it is 4 keV in the NBI+ECH phase. The line aver-
age electron density is about 0.4 × 1019 m−3. In seven similar
shots, the probe beam energy is varied shot to shot and the
two-dimensional potential profile is measured in a NBI+ECH
phase (4.6–4.7 s). In Fig. 6, the obtained potential profile is
shown with magnetic surfaces. As the actual HIBP observa-
tion points are arranged in three-dimensional space, we plot
their projection on the horizontally elongated cross section
in this figure for simplicity. The two-dimensional equilibrium
potential profile is successfully obtained. In Fig. 7, potential
FIG. 6. Two-dimensional potential profile in the ECH applied phase mea-
sured with HIBP is shown.
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FIG. 7. Potential profiles as a function of averaged normalized minor radius
are shown. The 2D profile in Fig. 6 is obtained from these seven shots.
profiles as a function of effective minor radius, reff, in these
seven shots are shown. The potential profile in the inner re-
gion is flat, which coincides with the electron temperature
profile measured with Thomson scattering diagnostics.
The measured potential profiles are compared with the
neoclassical prediction calculated by GSRAKE code.8 Exper-
imental results coincide well with the neoclassical prediction,
and this tendency is consistent with previous experimental
results.9
V. SUMMARY
In the LHD-HIBP system, an automatic beam adjustment
system to easily optimize the beam orbit in the beam transport
line has been developed. By using this system, we can change
the probe beam energy within 3 min, which corresponds to
the interval of LHD discharges, while it takes several tens of
minutes without this system. By applying the system to ex-
periments, the probe beam energy is changed shot to shot and
two-dimensional potential profiles are successfully measured.
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